We also discuss amino acid substitutions in general within the SPOUT superfamily of methyltransferases. group from S-adenosyl-L-methionine (AdoMet) to the 2'-OH of the ribose of guanosine at position 18 (G18) in the D-loop of tRNA (1-10). G18 is a highly conserved residue in the D-loop of tRNA (11, 12) and is responsible for the formation of the L-shaped three-dimensional structure by D-loop/T-loop interaction through the G18-55 tertiary base pair (13, 14) . Because the 2'-O-methylation of ribose at position 34 stabilizes the C3'-endo form (15), the 2'-O-methyl-G18 (Gm18) modification may confer conformational rigidity on the local structure of RNA. Absence of the Gm18 modification in E. coli tRNA has no effect on the activity of the supF amber suppressor tRNA or on the growth rate of cells (8); however, it has been recently reported that the growth rate in an E. coli mutant lacking both Gm18 and 55 is decreased and that the frequency of the frameshift errors in the mutant strain is increased (16). Thus, the Gm18 modification probably works in conjunction with the other modified nucleoside(s). The Gm18 modification in tRNA is distributed in eubacteria and eukaryotes, and is also found in plant-organella (11, 12). The genes responsible for the Gm18 modification have been identified as trmH (spoU) in Escherichia coli (8, 9), T.
T. thermophilus TrmH, are involved in the ribose methylation of tRNA (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) or rRNA (17, 18) (Fig. 1) . T. thermophilus TrmH has many merits as a model of SpoU family for structural and functional studies of the family, because this enzyme is a small, stable, and well-characterized member of the family (1) (2) (3) (4) (5) (6) . In a recent study, we determined the crystal structures of the AdoMet-binding and the apo forms of T. thermophilus TrmH (19) . We also carried out an alanine substitution experiment to clarify the residues involved in the AdoMet-binding site (19) . Furthermore, we have proposed a novel catalytic mechanism for the enzyme (19 and see Fig. 6 ).
The crystal structure revealed that the C-terminal region of the enzyme forms a deep trefoil knot structure, which is produced by threading the polypeptide chain through an untwisted loop (20) . Our results are consistent with recent reports that several SpoU proteins (T. thermophilus RrmA (20) , E. coli RmlB (21),
Methanobacterium thermoautotrophicum MT0001 (22), and Haemophilus influenzae
YibK (23)) have a deep trefoil knot in their C-terminal regions. During the course of the present work, it has been reported that the TrmD (tRNA (m 1 G37) methyltransferase (24) (25) (26) (27) (28) ) proteins in H. influenzae (29) and E. coli (30) also have a deep trefoil knot in their C-terminal region. The SpoU and TrmD families were previously considered to be unrelated to each other; however, recent computational analysis has suggested that they might share a common evolutionary origin and form a single "SPOUT" (SpoUTrmD) super-family (31) (Fig. 1 ). Taking the above information together, the trefoil knot structure is probably conserved in the catalytic domains of most SPOUT methyltransferases. This raises, however, to an important question. The roles of the by guest on August 17, 2017 http://www.jbc.org/ Downloaded from column chromatography (liner gradient; 100-250 mM KCl in the buffer A). The mutant protein fractions were assessed by 15% SDS-polyacrylamide gel electrophoresis.
In cases where the purity of the protein was not satisfactory, we repeated the CMToyopearl 650M column chromatography step after dialysis against the buffer A. The fractions were combined, dialyzed against buffer B (50 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 6 mM mercaptoethanol, and 50 mM KCl) and concentrated with Centriprep YM-10 centrifugal filter devices (Millipore). Glycerol was added to the purified proteins to a final concentration of 50%, and the samples were stored at -30 °C. The quantity of protein was measured with a Bio-Rad protein assay kit using bovine serum albumin as the standard. In the latter case, the incubation period was prolonged to 60 min. Kinetic parameters for tRNA were determined as previously reported (7).
Measurements of the enzymatic activity. -----
Analytical Ado-Hcy affinity column chromatography. -----The affinity of the purified proteins for AdoHcy was qualitatively analyzed by the Ado-Hcy column chromatography as described in our previous report (6, 19) . Analytical gel filtration -----Analytical gel filtration was performed with an ÄKTAprime chromatography system (Amersham Biosciences) equipped with a Superdex 75 column (10/30; column volume, 23.6 ml). The column was first equilibrated with the buffer B containing 200 mM KCl, and the sample (30-50 µg) was then injected. The flow rate was 0.5 ml/min. The elution profiles were monitored by the absorption of UV at 280 nm. The enzyme-tRNA complex was analyzed as follows.
Gel mobility shift assay ------
The enzyme (400 pmol) and tRNA (80-800 pmol) were incubated at 4°C for 5 min in 100 µl of the buffer B and then injected onto the column. The elution profiles were monitored by the absorption of UV at 260 and 280 nm. shows the multiple amino acid sequence alignment of the eubacterial SPOUT proteins that have been identified functionally and/or structurally. To generate the alignment, we basically followed the publications of Gustafson (9) and Anantharaman (26) .
Conserved amino acid sequences resembling motifs 1, 2, and 3 are also found in members of the TrmD family, as reported by Anantharaman (26) (Fig. 1 ), although these motifs were originally identified in SpoU family members (9) . In the present work, we focused mainly on the amino acid residues conserved in these motifs. We therefore selected amino acid residues on this basis as the target sites for mutation: these residues are indicated in red in Fig. 1 . Although the residues selected are separated in the primary amino acid sequence, they constitute the catalytic pocket in the threedimensional structure (see Fig. 8 ). We prepared 17 mutants in this work (Table 1 ) and expressed the proteins by the E. coli pET 30a expression system. All proteins were purified to homogeneity, as assessed by 15% SDS-polyacrylamide gel electrophoresis as described in the Experimental Procedures (data not shown, see Fig. 2 
and 7).
Biochemical analyses -----We assessed the mutant proteins for several biochemical properties. First, the kinetic parameters for both AdoMet and tRNA were determined (Table 1) . In this analysis, a yeast tRNA Phe transcript was used as the substrate tRNA, because this tRNA has been well characterized (13, 14) and is a good substrate for the enzyme (5).
Second, we measured the affinity of the mutant proteins for AdoHcy, not only as an analogue of the methyl-donor (AdoMet) but also as the direct product of the methyltransfer reaction, by using AdoHcy affinity chromatography (Fig. 2) . The wild-type enzyme bound tightly to the column and was eluted by the addition of buffer B containing 2M KCl and 6M urea ("Elution" in Fig. 2 ). Eleven mutant proteins (N35A, S37G, R41K, R41M, E124Q, E124D, P143Q, S150C, S150T, N152D, and N152E)
were also eluted in this Elution fraction and showed a similar elution profile to that of the wild-type enzyme. Thus, these mutants had sufficient affinity for AdoHcy. In contrast, five mutant proteins (N35D, R41A, E124A, S150A, and N152A) appeared in the "Flow through" fraction ( Fig. 2) , indicating that these mutants had decreased affinity for AdoHcy. Furthermore, one mutant protein (N35Q) bound to the affinity column very tightly and was not eluted under the experimental conditions used, suggesting that this mutant protein had increased affinity for AdoHcy.
Third, we analyzed the affinity of the mutant proteins for tRNA by the gel mobility shift assay (Fig. 3) . The wild-type enzyme alone does not migrate into the gel under the conditions of standard native electrophoresis, because its isoelectric point is 9.63; however, the enzyme-tRNA complex can migrate into the gel in the presence of 5 mM Mg
2+
. Double staining with CBB and MB enabled us to detect both the protein and tRNA (Fig. 3) . Because the tetrameric protein-tRNA complex was formed at the high protein concentrations (above 5.7 µM), it was difficult to determine the precise Kd values of each protein. Therefore, we have represented the affinities of the mutants for tRNA in terms of four grades of affinity (Fig. 3B ).
In order to purify the tRNA-enzyme complex, we carried out Superdex-75 gel by guest on August 17, 2017 http://www.jbc.org/ Downloaded from filtration chromatography as described in Experimental procedures. In the absence of AdoMet, the complex could be isolated from free enzyme and tRNA (data not shown).
The molecular ratio of the protein subunit to tRNA in the complex was estimated to be approximately 2:1. This result shows that one dimer enzyme molecule captures only one tRNA under the experimental conditions used. Furthermore, under conditions of high enzyme concentration, the formation of a complex containing one tetramer and one tRNA was also observed (data not shown). A complex containing two protein subunits and one tRNA molecule was probably formed because the gel-sift assay was carried out in the absence of AdoMet (Fig. 3A ). In our previous paper, we proposed a binding model for the tRNA-enzyme complex in which one dimer molecule captures two tRNA molecules. We did not, however, experimentally observe a complex containing one dimer and two tRNAs, as proposed by the modeling. The complex that we analyzed was formed in the absence of AdoMet. Thus, in the presence of AdoMet, a complex containing one dimer and two tRNAs may be formed. The K d value estimated from the results of the gel-shift assay was around 2.8 µM (Fig. 3A ). This value is considerably larger than the K m value for tRNA (0.1 µM). This difference may be caused by the absence or presence of AdoMet. Furthermore, it should be noted that the measurements of the methyl-transfer activity were carried out at far lower concentrations of protein (below 50 nM) as compared to the conditions in which the tetrameric protein-tRNA complex was observed.
Finally, to investigate protein stability, we measured the CD spectra of the mutant proteins, as well as the wild-type enzyme at 25, 50, and 75 °C (Fig. 4) . The -helix content of the proteins at each temperature was calculated (32) and is shown in Fig. 4 .
Because four mutants (R41A, E124A, S150A, and N152A) were precipitated by the incubation at 75°C for 20 min, the CD spectra of these proteins were not measured at this temperature (Fig. 4C, 
D, G and H).
Asn35 residue has a key role in the binding of tRNA and the release of the AdoHcy, product.
-----The crystal structure of the TrmH revealed that residue Asn35, which is conserved in motif 1, makes direct contacts with a sulfate ion, which was probably bound in the enzyme instead of 5'-phosphate of G18 in tRNA (19) . In the presence of AdoMet, Asn35 also contacts the conserved residues Glu124 in motif 2 and Asn152 in motif 3 through the formation of hydrogen bonds (see Fig. 8 ). This Glu124-Asn35-Asn152 network forms a pocket that probably captures a part of the substrate tRNA.
We therefore substituted Asn35 in turn with alanine, aspartic acid, and glutamine. As shown in Fig. 2 , the N35A variant was efficiently absorbed onto the AdoHcy affinity column and eluted in the 6 M urea fraction, similar to the profile of the wild-type enzyme. This is the consistent with our finding that the Km value of this mutant for AdoMet was 83 µM, which is sufficient to bind the affinity column (Table 1) . Thus, the N35A variant retains substantial affinity for AdoMet. However, the methyltransfer activity of this variant decreased markedly to 0.6% of the activity of the wildtype enzyme (Table 1 ). The kinetic analysis for tRNA and the gel mobility shift assay clearly indicated that the N35A variant has decreased the affinity for tRNA (Table 1 and As expected, the N35D variant showed a marked increase in its Km value for tRNA (Table 1 ). The gel mobility shift assay also revealed that this variant had decreased affinity for tRNA (Fig. 3B) . Furthermore, the N35D variant showed a lower affinity for AdoHcy (Fig. 2) . Because Asn35 does not contact AdoMet substrate directly in the crystal structure (19) , the interaction between Asn35 and Glu124 seems to affect with the structure of the AdoMet binding site.
Our findings for the next N35Q variant appeared puzzling at first. Because the only difference between the N35Q variant and the wild-type enzyme is the length of the side chain of the residue at position 35, we expected that this mutant would not show significant changes from the wild-type enzyme. However, the enzymatic activity assay showed that the N35Q variant had scarcely any methyl-transfer activity. Furthermore, AdoHcy affinity column chromatography showed that this mutant had an unusual affinity for AdoHcy ( Fig. 2) : that is, the enzyme bound to the column very tightly and was not efficiently eluted even by 6 M urea (Fig. 2) .
Why does this mutant have low enzymatic activity in spite of its strong affinity for AdoHcy? A time-course experiment of the enzyme activity of N35Q provided the answer to this question. The methyl-transfer reaction was stopped within 10 sec of the start of the incubation (Fig. 5 ). It was difficult to measure the activity at shorter timescale by the filter assay. Measuring the quantity of the 3 H-methyl group incorporated into tRNA revealed that 0.59 methyl groups were transferred per molecule of enzyme dimer, indicating that the catalytic cycle was halted in the first cycle. This finding shows that the conserved Asn35 residue in motif 1 is involved in the release of the product, AdoHcy. The side chain of the altered Gln35 residue in the mutant causes steric hindrance with the phosphate (see Fig. 8 ). As a result, the hydrogen bond between the Gln35 and Glu124 residues is disrupted and the Gln35 residue probably moves closer to and pushes on the Val153 residue. The altered position of Val153 in the mutant could cause this residue to make new van der Waals interactions with the ribose of AdoHcy, which in turn might cause the increased affinity for AdoHcy.
Taken together, these results indicate that the conserved Asn35 residue has at least two functions: first, the binding and release of the product (AdoHcy), and second, the binding of the phosphate of the substrate tRNA.
The Glu124 and Asn152 residues are involved in tRNA binding and protein stability -----We next studied the effect of site-directed mutagenesis of the conserved residues, Glu124 in motif 2 and Asn152 in motif 3, by engineering six variant proteins, E124A, E124D, E124Q, N152A, N152D, and N152E. Notably, the CD spectra of the E124A variant were clearly different from those of the wild-type enzyme (Fig. 4C) . The E124A variant was apparently soluble at 25 or 50°C, however the line-shape of the CD spectra had lost the gully at 208 nm that was observed in the wild-type spectra. In general, the CD spectrum at 208 nm reflects the states of -helices and -sheets in the protein (32) (33) (34) and N152A variants showed a marked decrease in enzymatic activity due to a loss in their affinities for both AdoMet and tRNA ( Fig. 2 and 3) . Thus, these variant may have a disrupted trefoil knot structure.
In contrast, the CD spectra of the other variants coincided with those of the wildtype enzyme, although the spectra of the E124Q variant at 75 °C suggested that this mutant undergoes structural change at the high temperature (Fig. 4E ). As shown in Table 1 , the substitution of Glu124 by aspartic acid caused a decrease in the methyltransfer activity to 1/1000 as compared to the wild-type enzyme. This decrease was not caused by a decrease in affinity for AdoMet, because the mutant protein bound to the AdoHcy affinity column efficiently (Fig. 2) and its Km value for AdoMet was 14 µM ( Table 1 ). The gel mobility shift assay of the E124D variant clearly revealed that the decrease in enzymatic activity of this mutant was caused by its decrease in the affinity for tRNA (Fig. 3B) . These results suggest that the Asn35-Asp124-Asn152 network was formed in the E124D variant; however the distance of the carboxyl group from the main chain weakened the network and thus interfered with tRNA binding.
Substitution of the carboxyl group by an amido group (E124Q) had more serious effect on the methyl-transfer activity. The E124Q variant showed no enzymatic activity because of its loss of affinity for tRNA (Table 1 and Fig. 3B ), although the protein had a strong affinity for AdoMet as judged by the AdoHcy affinity column chromatography by guest on August 17, 2017 http://www.jbc.org/ Downloaded from (Fig. 2) . These results indicate that Glu124 has a key role in tRNA binding. Similar results were obtained for the N152D and N152E variants. These variants also showed no methyl-transfer activity because of their decreased affinity for tRNA (Table 1 and Fig.   3B ), although they absorbed tightly to the AdoHcy column (Fig. 2 ).
Taking these results together, we conclude that the Glu124 and Asn152 are required for tRNA binding. Furthermore, the network formed between Glu124 and
Asn152 is an important factor in stability of the protein. The network may be involved in the formation of the trefoil knot structure, because these residues are located on the knot (see Fig. 8 ).
The catalytic center,Arg41 and the conserved residue Ser150 -----In our previous
work, we have proposed a catalytic mechanism for TrmH ( Fig. 6 and reference 19 ).
The active form of TrmH is a homodimer. One subunit acts as an AdoMet binding subunit (monomer1), whereas the other (monomer2) serves as a tRNA binding site.
When tRNA binds to the enzyme-AdoMet complex, 5'-phosphate of G18 in tRNA approaches close to Arg41 residue in the tRNA binding subunit (monomer2). The negative charge of the phosphate attracts the guanidino group of the Arg41. The activated Arg41 residue pulls out the proton of the 2'-OH group of the G18 ribose and the methyl-transfer reaction occurs by nucleophilic attack of the deprotonated oxygen atom of the ribose against the methyl group in AdoMet, which is bound to the other subunit (monomer1). In the mechanism, the conserved residue Ser150 in monomer1 fixes the direction of the guanidino group of the Arg41 residue in monomer2 by the formation of a hydrogen bond. In this work, we aimed to verify this proposed model by the biochemical studies of six variant proteins, R41A, R41K, R41M, S150A, S150C, and S150T. Notably, the CD spectra of the R41A and S150A variants indicated that both proteins showed structural alterations in comparison to the wild-type protein ( Fig. 4G and H) . In fact, incubation at 75°C caused these proteins to precipitate. Arg41, which is supported by Ser150, is located at the dimer-interface and penetrates to the other subunit. Thus, the substitutions of these residues with alanine might disrupt the dimer interface. To investigate the subunit structure, we therefore carried out the analytical gel filtration (Fig. 7) , which revealed that these variants eluted slightly faster than did the wild-type enzyme, although they clearly behaved as dimers (Fig. 7A , B, and C). Other variants such as E124A and E124Q, which showed unusual CD spectra, are eluted in the same location as the wild-type enzyme (Fig. 7A, D and E) . Taken together, these findings suggest that molecular shapes of two variants (R41A and S150A) are altered as compared with the wild-type and the other variant proteins, although they do form a dimer structure. The R41 residue in monomer 2 forms a hydrogen bond with the S150 residue in monomer 1 (Fig. 6 ). In the R41A and S150A mutants, this hydrogen bond is lost. The loss of this hydrogen bond probably changes the local structure of the dimer interface. The methyl-transfer activities of these proteins were hardly detectable (Table 1) , and they had lost considerable affinity for tRNA (Fig. 3) . These results indicate that the side chain of the Arg41 and its direction are important factors in tRNA binding, although the mutations introduced into these residues did not disrupt the dimer structure. The CD spectra of the other variants (R41K, R41M, S150C, and S150T)
by guest on August 17, 2017 http://www.jbc.org/ Downloaded from coincided with those of the wild-type enzyme (Fig. 4K and data not shown).
When Arg41 residue was substituted by lysine, the methyl-transfer activity was decreased to 0.41% of the activity of the wild-type enzyme because of a decrease in Vmax ( Table 1 ). The R41K variant bound efficiently to both AdoHcys and tRNA ( Fig.   2 and 3B ). The R41M variant lost its methyl-transfer activity because of low affinity for tRNA (Table 1 and Fig. 3B ). When Ser150 was substituted by cysteine, the hydrogen bond between Arg41 and the altered residue at position 150 seemed to be hardly formed. As expected, the S150C variant showed a decrease in methyl-transfer activity to 0.5% because of a decrease in Vmax for AdoMet (Table 1 ). In contrast, the S150T variant had a considerable Vmax value for AdoMet (Table 1) . However, the initial velocity of the S150T variant decreased to 3% of that of the wild-type enzyme (Table 1) . Because the Km value of the S150T for AdoMet was increased (Table 1) , the methyl group of the side chain of the threonine residue probably causes steric hindrance. Thus, the presence of a serine residue at position 150 is very important for fixing the direction of the catalytic center at Arg41. These results are in good agreement with our catalytic model (Fig. 6 ).
Other amino acid residues conserved in the motifs -----We also carried out the sitedirected mutagenesis of the two conserved residues Ser37 and Pro143. Ser37 is located in motif 1 and is conserved among bacterial tRNA (Gm18) methyltransferases (Fig. 1A) . In the other SpoU members, this serine residue is replaced by glycine. On the other hand, the Pro143 residue in the motif 3 is conserved among most SpoU family proteins (Fig. 1A) , although it is replaced by glutamine in some eukaryotic proteins (for example S. cerevisiae Trm3, yeast tRNA (Gm18) methyltransferase (10)).
The S37G and P143Q variants had a methyl-transfer activity (Table 1 ) and bound to both AdoHcy (Fig. 2) and tRNA (Fig. 3B) efficiently. Although the initial velocity was decreased to 13-21% of that of the wild-type enzyme, these replacements did not change the enzymatic character significantly. These results are consistent with the TrmH crystal structure (19) . Ser37 is located in the 1 helix and is embedded in the dimer interface. Thus, this conserved serine residue in the motif 1 is exchangeable for other residues such as glycine, that would not disrupt the helix or the dimer interface.
On the other hand, Pro143 is located at the 6 6 connecting region and thus the replacement of this residue by glutamine would not change the structure of this loop, although the important residues for the binding of AdoMet (Ile142, and Met144) are located in the vicinity of Pro143 (19) . Our experimental results suggest that these residues were exchangeable during the molecular evolution process of the SpoU family methyltransferases. might be involved in the recognition of the ribose substrate (8). Our crystal structure study (19) and the present work provide experimental verification of their idea, because reinforce our proposed catalytic model (Fig. 6) . Because the arginine residue in motif 1 is conserved among SpoU members (Fig. 1A) , these enzymes probably use the same catalytic mechanism for the methyl-transfer.
DISCUSSION
During the course of this work, the crystal structures of TrmD proteins have been reported (29, 30, 35) . At least, two TrmD proteins from H. influenzae (29) and E. coli (Fig. 1) . Probably, SpoU and TrmD members share a common evolutionally origin and the subsequent replacements of some amino acid residues during evolution converted the functions of the ancestor protein(s).
Among the characterized SpoU methyltransferases, TrmH is the smallest. The main part of the protein structure is allocated for the catalytic core (Fig. 8 ) and the limited structures (the N-and C-terminal portions) are probably involved in the tRNA recognition (6, 19) . The structure of this simplest family member suggests that TrmH is the prototype of the SpoU family and that during the molecular evolution of the SpoU family, an RNA-binding domain was probably added to the TrmH prototype. As a result, the tRNA methyltransferase activity (TrmH) was functionally changed to an rRNA methyltransferase activity (RmlB, RrmA, and Tsr). Furthermore, variations of TrmH enzymes have been found (5, 7, 8, 10) , suggesting that TrmH itself is continuing to evolve. From the perspective of the tRNA recognition, there are two types of TrmH enzyme. Type I TrmH enzymes have broad substrate specificity and methylate all tRNA species (5), whereas Type II enzymes recognize specific tRNAs and methylate a subset of tRNA species (7, 8, 10) . Moreover, yeast Trm3 (the eukaryotic counterpart of TrmH) has a long stretch at its N-termini (10) . To understand in full the molecular evolution of the SPOUT RNA methyltranserases, a more detailed comparison of these enzymes will be necessary. V. et al. (26) . Red letters indicate the conserved residues that were studied in this work.
Green letters indicate other conserved residues pointed out by Anantharaman, V. et al (26) . Amino acid residue numbers in T. thermophilus HB8 TrmH are shown on the top of the alignment. The gels were stained with CBB. As the protein concentration increased, the tetramer-tRNA complex was formed in addition to the dimmer-tRNA complex. Therefore, it was difficult to determine the precise Kd value, although it was estimated to be around 2. proposed the hypothetical catalytic mechanism shown here (19) . The detailed mechanism has been described previously (19) . The AdoMet binding subunit (monomer1) and tRNA binding subunit (monomer2) are indicated in black and gray, respectively. 
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